Abstract Heterotrophic bacterial communities in marine environments are exposed to a heterogeneous mixture of dissolved organic compounds with different bioreactivity that may control both their activity and composition. The coastal environment is an example of a mixing area where recalcitrant allochthonous organic matter from rivers can encounter labile organic matter from marine phytoplanktonic blooms. The objective of this study was to explore the effects of mixed qualities of dissolved organic matter (DOM) on bacterial community activity (BCA) and bacterial community composition (BCC) and to test for a priming effect when DOM sources are added in combination. Coastal marine bacterial communities were incubated separately with a mixture of amino acids and with natural riverine DOM or with both sources together for 42 days. Addition of amino acids alone or in combination with riverine DOM led to a similar stimulation of BCA compared to control condition, whereas addition of riverine DOM alone did not modify BCA compared to the control. On the contrary, BCC analyzed by 16S rRNA gene pyrosequencing was not affected by the addition of amino acids alone, but changed dramatically with riverine DOM alone or in combination with amino acids. Our results show that changes in BCA and BCC can be driven by different types of DOM, but that these changes are not necessarily coupled. Moreover, the addition of labile DOM did not modify the microbial decomposition of riverine DOM, nor the BCC, suggesting that a priming effect did not occur under these experimental conditions.
Introduction
Marine dissolved organic matter (DOM) is the largest reservoir of reduced carbon in the oceans estimated at 662 Gt C (1 Gt = 1 9 10 15 g) (Hansell et al. 2009 ) which is equivalent to that present as atmospheric CO 2 or in the terrestrial biota (Druffel et al. 1992; Hedges and Benner 1997) . The bulk DOM pool in the oceans is composed of multiple compounds that exhibit a spectrum of reactivities and turnover times, from labile to ultra refractory molecules (Carlson and Hansell 2015) . The adjective recalcitrant is employed to characterize DOM that accumulates in the environment and is resistant to removal, without specifying its reactivity. Recalcitrant DOM is taken as the opposite of labile DOM, the latter being removed on timescales of heterotrophic microbial growth rates such that it does not accumulate in the environment (Hansell 2013) . Primary production at the surface of the oceans contributes *48.5 Gt C year -1 (Field et al. 1998 ). This fresh organic matter is rapidly cycled through the food web in the upper ocean and up to 50 % of the primary production is processed by heterotrophic bacteria (Cole et al. 1988) . On the other hand, the riverine DOM reaching the oceans (*0.2 Gt C year -1 , Raymond and Spencer 2015) is a complex and heterogeneous mix of compounds of diverse origin (terrestrial and aquatic), chemical properties and reactivity. Much of the organic matter discharged by larger rivers appears to be soil-derived, composed of highly degraded, nitrogen-poor compounds (Hedges and Benner 1997) and characterized by a high concentration of humic substances, comprising 50-80 % of total DOM in freshwater (Aiken et al. 1985) .
The knowledge of the mechanisms controlling the global pool of recalcitrant DOM in the oceans is a crucial question because changes in this pool could cause major perturbations of atmospheric CO 2 and the radiation balance of Earth (Dittmar 2015) . For instance, the fate of riverine organic matter in the ocean is still unclear (Hedges and Benner 1997) due to conflicting studies. Whereas biodegradation experiments showed riverine DOM to be minimally bioreactive (Søndergaard and Middelboe 1995) , field studies showed the contribution of riverine organic matter to global burial flux to be low (i.e. 50 % of riverine organic matter introduced to the ocean must be completely remineralized; Hedges and Benner 1997) . These contrasting results can be explained by strong seasonal and regional differences in biodegradability of riverine DOM, photo-degradation processes and flocculation with increased salinity (Hedges and Benner 1997) .
The concept of DOM recalcitrance in aquatic ecosystems has been recently challenged (Dittmar 2015) . Kellerman et al. (2015) showed that intrinsic properties of DOM influence its persistence, largely constraining the effects of extrinsic controls such as environmental conditions on DOM processing. Additionally, Arrieta et al. (2015) present experimental evidence showing that low concentrations rather than recalcitrance preclude consumption of a substantial fraction of DOM in the deep ocean. It was also proposed that a priming effect (PE) may participate to the sink of recalcitrant DOM in aquatic ecosystems (Guenet et al. 2010) . The PE is a process where addition of labile organic matter modifies (generally increases) the microbial degradation of recalcitrant DOM (Blagodatskaya and Kuzyakov 2008) . Whereas the PE has been repeatedly observed in soil ecosystems reports in aquatic ecosystems occurred later (see Table 1 ). The mechanisms involved in the PE are not well understood but may be driven by multiple factors such as chemical structure and availability of organic carbon, nutrient availability, stoichiometry and microbial composition (Fontaine and Barot 2005; Kuzyakov et al. 2000; Guenet et al. 2010) . The river plume has been hypothesized to be a favorable location for a priming effect (PE) because riverine recalcitrant organic matter can encounter labile organic matter released during a phytoplanktonic bloom (Bianchi 2011) . If confirmed in marine environments, the PE could help explain the ''missing'' terrestrial DOC in the oceans (Bianchi 2011) .
Linking the changes in bacterial diversity and composition (BCC) to the bacterial community functioning in response to changes in environmental conditions, including the DOM composition, is of fundamental importance in microbial ecology. This question has been recently explored by considering the combined addition of DOM with variable bioreactivity in different aquatic ecosystems (Jones et al. 2009; Fonte et al. 2013; Attermeyer et al. 2014 Attermeyer et al. , 2015 Wagner et al. 2015) . These studies reported that the mixture of different DOM sources generally (1) increased the efficiency of carbon use by bacteria, supporting the PE hypothesis, and (2) led to a shift in BCC compared to the addition of single sources, knowing that organic matter uptake and degradation is taxa-specific even if some generalist species exist (Carlson and Hansell 2015) . To our knowledge, the effects of a combination between riverine DOM and labile DOM produced during a phytoplanktonic bloom on PE and BCC have never been studied in the context of coastal environment.
In this study, we explored the response of a coastal marine bacterial community to the additions of (1) recalcitrant DOM (riverine DOM, R treatment), (2) labile DOM (amino acids, L treatment) and (3) a complex mixture of recalcitrant and labile DOM (riverine DOM and amino acids, LR treatment). During a 42-day incubation, we analyzed the degradation of DOM in parallel to the changes in bacterial community activity (BCA, by measuring bacterial production and respiration) and in bacterial community composition (BCC, by 16S rRNA pyrosequencing). We hypothesize that the presence of labile DOM (i.e. amino acids) modifies the degradation of riverine and coastal DOM by stimulating a part of the bacterial community and we expect an increase in bacterial diversity when DOM sources are combined due to increased diversity in organic molecules to degrade. This experimental study was conducted in the Gulf of Lion, one the most productive areas of the Mediterranean Sea, which is influenced by large inputs from the Rhône River (Durrieu de Madron et al. 2011) . The annual total organic carbon (TOC, particulate and dissolved organic matter) input from the Rhône River is 1.7 9 10 10 mol C and represents *1 % of the standing stock of TOC in the Gulf of Lion (Panagiotopoulos et al. 2012) , which is much higher than the average reported for the World Ocean (Smith and Hollibaugh 1993) , and highlights the main role played by the Rhône River in the Mediterranean carbon cycle (Sempéré et al. 2000) .
Materials and methods

Preparation of the dissolved organic matter sources
Water was collected at the Observatory station of the Rhône River in Arles (SORA), which is located near the Compagnie Nationale du Rhône (CNR; http://www.cnr.tm. fr/fr/) gauging station. Samples (*40-50 L) were collected on 2nd May 2013 using automatic samplers installed at the station (Panagiotopoulos et al. 2012 ) and 10-20 L Nalgene carboys that were previously cleaned with detergent and soaked in 2 % of HCl for one week. The sampling date corresponded to a high flood event in the Rhône River (4150 m 3 s -1 ). Water was centrifuged on site, transferred to the lab, and further filtered through 5 lm filters (similar molecular sieves used for phytoplankton filtering). River samples were left to stand for 7-10 days at ambient temperature to allow labile organic matter to be degraded and filtered again on on a Polycap filter (0.2 lm) using a peristaltic pump, which was previously cleaned with copious amounts of Milli-Q water. The collected dissolved phase was then frozen and freeze-dried. For this experiment, approximately 19.2 L of Rhône water were lyophilized resulting in a powder with a mass of 4.42 g. Then, *996 mg of the lyophilized dissolved organic matter (DOM) was re-dissolved in 1050 mL of Milli-Q water which was acidified with a few drops of HCl solution to dissolve DOM and the associated salts. The resuspended DOM was then distributed in different microcosms (see below). This addition decreased by 0.4 unit the pH in the seawater microcosms at the start of the experiment.
A solution of twenty-one L-amino acids (Sigma, 09416-1EA) was prepared in Milli-Q water (see list of amino acids in Table S1 ). Each amino acid was added at the same molar concentration in the solution.
Experimental setup
Surface water was collected in July 2013 from a coastal station in the NW Mediterranean Sea (SOLA station, in the Bay of Banyuls-sur-Mer, France, [42°29 0 N, 3°08 0 E], 250 km away from the Rhone River mouth. The influence of the Rhone River on this coastal station is not impossible, but the high salinity measured at the surface during the sampling period (37.05 %) indicated no dilution by fresh water. The sample was filtered by gravity on a 25-lm mesh (Nytex) to remove large zooplankton and phytoplankton although phytoplankton biomass measured at this period was low (i.e., 0.165 lg Chl a L -1 measured 2 days before the sampling). Twelve pre-combusted (450°C, 6 h) 4 L Erlenmeyer flasks (hereafter refereed as microcosms) were filled with filtered seawater and supplied with a single or combined DOM source. Three microcosms received 150-mL of the above-mentioned resuspended DOM originating from the Rhône River (R treatment), corresponding to the addition of 15 lmol L -1 dissolved organic carbon (DOC). Three microcosms were inoculated with 100 lL of amino acids solution (L treatment), corresponding to the addition of 9 lmol L -1 DOC. Three microcosms received the combined addition of DOM originated from Rhône River and the amino acids solution (LR treatment). The last three microcosms did not receive any addition and were kept as controls (C treatment, DOC *65 lmol L -1 ). To avoid nitrogen or phosphorus limitation, NH 4
? and PO 4 3-were added to all the microcosms at 16 and 1 lmol L -1
final concentrations, respectively. The microcosms were closed with a cellulose stopper which permitted passive aeration and were incubated in the dark at 18°C under magnetic agitation. The microcosms were periodically sampled during 42 days for chemical and microbial analyses with a focus on short term (after 6 days) and mid-term (after 42 days) changes.
Chemical analysis
Samples (20 mL in duplicate) for nitrate (NO 3 -), nitrite (NO 2 -) and phosphate (PO 4 3-) were stored at -20°C and analyzed within 1 month of collection by colorimetry using a nutrient autoanalyzer (SEAL Analytical AA3HR) (Aminot and Kérouel 2007) . Samples (40 mL in duplicate) for ammonium (NH 4 ? ) were analyzed immediately according to Holmes et al. (1999) with a fluorometer (Jasco FP-2020). Samples (16 mL) for DOC were filtered through 2 precombusted (450°C, 6 h) 25-mm GF/F filters (*0.7 lm), and transferred into precombusted glass tubes, poisoned with 85 % H 3 PO 4 (final pH 2). Tubes were closed with Teflon lined screw caps and stored in the dark at room temperature until analysis (less than 2 months after sampling). DOC was analyzed using the high temperature catalytic oxidation (HTCO) technique (Cauwet 1994 ) with a Shimadzu TOC-V analyzer. Before starting analyses and between sets of samples, deep seawater reference samples (provided by D. Hansell; Univ. Miami) were run daily (43.5 lM C, CV = 2-3 %, n = 4) to check the accuracy of the DOC analysis and its stability over time.
Samples for dissolved organic nitrogen (DON) and phosphorus (DOP) were filtered through 2 pre-combusted 25-mm GF/F filters (Whatman). Samples were collected directly in Teflon bottles and immediately frozen (-20°C) and stored for later analyses. DON and DOP were simultaneously determined by the wet oxidation procedure (PujoPay and Raimbault 1994 
CDOM absorbance and excitation-emission matrices
Samples for determining the absorbance and fluorescence of chromophoric dissolved organic matter (CDOM) were filtered through 2 precombusted 25-mm GF/F filters (Whatman) in 100 mL precombusted glass bottles and stored at -20°C until analysis. CDOM absorption was determined with a Varian Cary spectrophotometer using a 10-cm quartz cuvette. Spectral scans were acquired between 250 and 700 nm. Absorbance was measured against Milli-Q water as the blank. Absorption coefficients a 350 (m -1 ) were calculated as a 350 = 2.303 D/L, where D is the absorbance at 350-nm wavelength after subtraction of the average absorbance between 600 and 750 nm and L is the pathlength of the absorbance cell in meters. Excitation-emission matrices (EEM) were obtained using a Perkin Elmer LS55 luminescence spectrometer equipped with a xenon discharge lamp equivalent to 20 kW for a 8-ls duration. The running instructions for the machine were set as follows: scan speed at 250 nm min -1 and slit widths for the excitation and emission wavelengths at 10 nm. Measurements were performed at a constant room temperature of 20°C in a 1 cm quartz fluorescence cell. The Ex/Em wavelengths used for single measurements were those established by Coble (1996) , thus: Ex/Em 280 nm/350 nm (peak-T) as an indicator of protein-like substances, Ex/Em 320 nm/410 nm (peak-M) as an indicator of marine humiclike substances, Ex/Em 340 nm/440 nm (peak-C) as an indicator of terrestrial humic-like substances and Ex/Em 250 nm/435 nm (peak-A) as an indicator of a group of humic substances with different origins. Milli-Q water was used as a reference blank for fluorescence analyses. The correction for the Raman scatter was implemented by subtracting from each sample the Milli-Q blank spectra. Accordingly, fluorescence measurements were expressed in Raman Units (R.U.) by normalization to the integral water Raman scattering band of ultrapure Milli-Q water freshly generated, according to Lawaetz and Stedmon (2009) . Manufacturer supplied correction factors were applied for both, lamp excitation and emission biases. The correction procedures for both, primary and secondary inner filter effects (IFE) described in Murphy et al. (2010 Murphy et al. ( , 2013 and Kothawala et al. (2012 Kothawala et al. ( , 2013 studies were not applied for this case as all absorbance values measured for the different experimental times and conditions were always lower than 0.04 cm -1 . CDOM was analysed at T0, T6 and T42 days.
Bacterial abundance and activities
Hereafter, the term bacteria will be used for heterotrophic prokaryotes (including Bacteria and Archaea). Bacterial abundance was determined by flow cytometry. Samples (3 mL) were preserved in cryovials with 0.2-lm-filtered formalin (2 % final concentration). The samples were gently mixed and left in the dark at room temperature for 10 min before quick-freezing in liquid nitrogen and storage at -80°C. The samples were later thawed at room temperature, stained with SYBR Green I (final concentration 0.025 % (v/v) of the commercial solution; Molecular Probes Inc., OR) for at least 15 min at 20°C in the dark and analysed on a flow cytometer (FACScan, BectonDickinson, San Jose, CA) equipped with a 488 nm, 15 mW argon laser. Bacteria were detected on a plot of green fluorescence (515-545 nm) versus right angle light scatter (SSC), using the green fluorescence as threshold parameter. Fluorescent beads (1.0 lm; Polysciences Inc., Warrington, PA) were added to each sample as standards.
Bacterial production (BP) was measured by 3 H-thymidine incorporation applying the centrifugation method (Smith and Azam 1992) . Samples (1 mL in triplicate) were incubated in the dark at 18°C for 1 h with 20 nmol L -1 [ 3 H]-thymidine (specific activity 83.2 Ci mmole -1 , Perkin Elmer) in 2-mL microtubes. Incorporations were terminated by the addition of trichloroacetic acid (TCA) to a final concentration of 5 %. One killed control was prepared for each assay by the addition of TCA, 15 min before the addition of 3 H-thymidine. Samples were stored for at least 1 h at 4°C and then centrifuged for 15 min at 12,000 g. The precipitate was rinsed twice with 5 % TCA. The precipitates were resuspended in 1.0 mL of liquid scintillation cocktail (FilterCount, Perkin Elmer) and radioactivity determined by a liquid scintillation counter (LS 5000CE Beckman). Thymidine incorporation rates were converted into carbon production using the conversion factors of 2.10 8 cells produced per mole of thymidine incorporated and 20 fg C per cell (Ducklow and Carlson 1992) .
Bacterial respiration (BR) was measured at each time point using an oxygen microelectrode (Briand et al. 2004 ). The microprobes (Unisense, Denmark) are designed with an exterior guard cathode, which results in extremely low oxygen consumption by the electrodes (4.7-47 9 10 -7
lmol O 2 h -1 ). Probes have a response time shorter than 1 s and a precision of 0.05 %. Bacterial respiration was measured in the dark over 4 h to 24 h in duplicate samples for each microcosm, placed in microchambers (2 mL) and immersed in a water bath with controlled temperature (18°C). A specific measurement of the dissolved O 2 concentration was carried out a minimum of 4 times during incubation in microchambers. BR was estimated from the linear regression established on these points of measurement. BR were expressed in mgC m -3 d -1 using a respiratory quotient of 1 (del Giorgio and Cole 1998). Bacterial growth efficiency (BGE, %) was calculated from the following equation BGE = BP/(BP ? BR). We assume here that respiration measured came only from heterotrophic bacteria. However, because the water was not filtered before measurements to remove other heterotrophic organisms, BR could be overestimated and BGE underestimated. Bacterial abundances, production and respiration were measured at T0, T1, T2, T3, T6, T9, T15, T22, T29 and T42 days.
Bacterial diversity by pyrosequencing
DNA extraction was performed by using the AllPrep mini kit (Qiagen) on 0.2 lm filters after filtration of 500 mL of pre-filtered (3 lm) seawater, as previously described (Ghiglione et al. 2009 ). The V1-V3 hypervariable regions of bacterial 16S rRNA genes were amplified using primers 27F-519R, as recommended by Dowd et al. (2008) . Tagencoded FLX amplicons were sequenced using the Roche 454 FLX with Titanium reagents, and procedures were performed following manufacturer's guidelines (www. mrdnalab.com, Shallowater, TX, US).
Sequences were analyzed using the Mothur software version 1.33 (Schloss et al. 2009 ) with default settings excluding sequences \200 bp. Sequences were denoised using the Mothur implementation of PyroNoise (Schloss et al. 2011 ) and chimeras were removed using Chimera Slayer (Haas et al. 2011) . The resulting clean sequences were clustered into operational taxonomic units (OTUs) at a 97 % sequence identity level using the UCLUST algorithm (Edgar 2010 ) and a representative sequence from each OTU was classified using the Ribosomal Database Project (RDP) classifier (Wang et al. 2007 ) using the SILVA 119 training set. To enable beta-diversity comparisons between samples, samples were rarefied to the same sequencing depth as the sample with the fewest sequences (5,774 sequences per sample) (Ghiglione and Murray 2012) . All further analyses were performed on the randomly re-sampled OTU tables. Bacterial diversity were analysed at T0, T6 and T42 days.
Statistical analyses and estimation of the microbial diversity
Statistical analyses of treatment effects on chemical and biological parameters were performed using a one-way analysis of variance (ANOVA) and post hoc Tukey tests with repeated measures (i.e. microcosms). Statistical analyses were performed using XLSTAT 2014.2 software (Addinsoft) and employed an alpha level of 0.05.
To study how treatments affected bacterial community composition over time, a non-metric multidimensional scaling (nMDS) plot was produced, based on Bray-Curtis similarities between OTU relative abundance. At T6, samples were categorized in relation to the addition of riverine DOM: samples that received riverine DOM addition (R and LR, n = 4); samples that did not receive riverine DOM addition (C and L, n = 4) were respectively grouped together. Differences between these categories were tested by analysis of similarity (ANOSIM). Similarity percentage analysis (SIMPER, Clarke and Gorley 2006) was performed to identify which individual OTUs contributed most to the dissimilarity between grouped samples over-time. The Chao (richness) and inverse Shannon (diversity) indices were calculated using the Mothur software.
Results
Changes in chemical parameters
The initial concentration of DOC in the control microcosms was 64.8 ± 5.5 lmol L -1 (C treatment) (Fig. 1a ). Microcosms were enriched with different sources of DOM, providing, respectively 9.5 ± 3.0 lmol L -1 DOC in the microcosms enriched in amino acids (L treatment), 15.5 ± 4 lmol L -1 DOC in those enriched with riverine DOM (R treatment) and 26.7 ± 7 lmol L -1 DOC in the microcosms that received the combination of both amino acids and riverine DOM (LR treatment). After 6 days, DOC concentrations in L, R and LR conditions showed a significant decrease (ANOVA, p \ 0.05) by 15.6 lmol L -1 , 5.5 lmol L -1 and 15.2 lmol L -1 , respectively, whereas DOC in control treatment remained constant (ANOVA, p [ 0.05). At the end of the experiment, the DOC had decreased by 6.8, 17.8, 12.9 and 10.7 lmol L -1 in C, L, R and LR treatments, respectively. The concentration of DOC between C and L treatments and between R and LR treatments did not differ significantly at T6 and T42 (p [ 0.05) , suggesting that addition of amino acids did not enhance the DOM degradation from the coastal water and the river.
Addition of amino acids and riverine DOM led to an enrichment of DON in L and R conditions by 1.4 lmol L -1 and 5.3 lmol L -1 , respectively, compared to the C condition where DON was undetectable (Fig. 1b) . As expected, the LR condition showed a slightly higher but not significantly different DON concentration (6.3 lmol L -1 ) compared to the R condition. After 6 days, an important increase of DON concentration was observed in all conditions, with similar concentrations between C and L treatments (17 lmol L -1 ) and between R and LR conditions (24 lmol L -1 ). After 42 days, the DON concentrations measured in the different treatments were close to those measured at the start of the experiment. The high concentration of NH 4
? measured at T0 for all conditions (i.e., 23 lmol L -1 ) came from the enrichment performed (16 lmol L -1
) and the natural concentration present in the coastal water (7 lmol L -1 ) (Fig. 2c) . NH 4 ? was actively consumed at the same rate in all conditions and reached 5 lmol L -1 at T6, and less than 0.1 lmol L -1 at T42. The addition of riverine DOM led to an important increase in NO 3 -(10 lmol L -1 ) in treatments R and LR, whereas NO 3 -concentration was undetectable in conditions C and L (Fig. 2a) . NO 3 -concentrations remained high in conditions R and LR throughout the experiment and a small increase was detectable in conditions C and L (3 lmol L -1 ) at the end of the experiment. NO 2 -remained undetectable at T0 and T6 for all conditions, before reaching a high and similar concentration by the end of the experiment in all conditions (17 lmol L -1 ) (Fig. 2b ). In conclusion, the different forms of nitrogen were highly dynamic during the experiment, shifting from a dominance of NH 4
? at T0, to DON at T6 and finally to NO 2 -at T42. The DOP concentrations remained low over the experiment in the different treatments with no significant difference between the treatments except in the L treatment after 6 days (ANOVA, p \ 0.05), with a higher concentration of DOP compared to the other treatments (Fig. 1c) . The concentration of PO 4 was similar for all conditions at T0 (1.3 lmol L -1 ) and this was mainly due to the enrichment (i.e., 1 lmol L -1 ) (Fig. 2d) . PO 4 concentrations decreased slightly in all conditions by the end of experiment with the exception of LR.
CDOM was followed by its optical properties of absorbance and fluorescence. The addition of riverine DOM led to an increase of absorbance at 350 nm in treatments R and LR (0.69-0.74 m -1 ) compared to the treatments C and L (0.29-0.38 m -1 ) (Fig. S1) . The values did not change significantly during the experiment (ANOVA, p [ 0.05) (Fig. S1 ). Excitation-emission matrices were used to identify major fluorophore groups (Fig. S2 ). The addition of riverine DOM increased the humic peaks A, C and M by a factor 4 to 5 compared to the control and L treatments (Fig. 3a-c) . The fluorescence intensities of humic peaks remained almost constant during the experiment underlying the refractory property of these compounds. The addition of amino acids (L treatment) and riverine DOM (R treatment) contributed to the increase in the T peak (protein-like substances) by a factor 3.4 and 1.7, respectively, compared to the C treatment (Fig. 3d) . After 6 days, the T peak decreased in L and LR treatments to reach, respectively the values measured in the control and the R treatments. Subsequently, no additional changes were observed until 42 days.
Changes in bacterial abundance and metabolism
Bacterial abundance (BA) increased during the first three days in all treatments by a factor of 1.7 (Fig. 4) . At T2, BA was slightly but significantly higher in L and LR treatments compared to the control and R treatments (ANOVA, p \ 0.05). BA decreased sharply in all treatments between T3 and T6 and was following by an increase at T9 in the microcosms enriched in amino acids. Then, it remained almost constant until the end of experiment and no significant differences were observed between treatments (ANOVA, p [ 0.05). Discrete measurements of bacterial production (BP) and bacterial respiration (BR) (Fig. S3) were used to calculate the integrated values of both activities during two periods: 0-6 days (5 measurements) and 6-42 days (6 measurements) (Fig. 5a, b) . During the first period, integrated BP and BR were similar between C and R treatments (ANOVA, p [ 0.05). In contrast, we measured similar and significantly higher integrated BP and BR in L and LR conditions (ANOVA, p \ 0.05). For those treatments, the values increased by a factor of 1.5 to 1.7 compared to the values measured in the control treatment. During the second period, no significant differences were measured between the treatments for both integrated BP and BR (ANOVA, p [ 0.05). The mean BGE was also calculated for the two periods considered (Fig. 5c) . The values did not differ between treatments for both periods and ranged from 14.7 to 19.2 % for the first period and from 9.2 to 14.9 % for the second period. When the different treatments were combined, the mean BGE values measured during the first period appeared slightly higher than those measured during the second period (17.5 and 12.4 %, respectively).
Changes in bacterial community composition and diversity
Bacterial community composition (BCC) was analyzed in duplicate microcosms for each treatment after 6 days of incubation (T6) and at the end of the experiment (T42). nMDS plot based on Bray-Curtis similarities between samples, revealed a pattern in which bacterial communities were driven by the sampling time and according to the treatments (Fig. 6) . Three main clusters that were defined by [40 % Bray-Curtis similarity between samples were identified (solid lines, Fig. 6 ). The first cluster grouped the samples at T0 and T6. Within this cluster, treatments C and L were clearly separated from treatments R and LR (dotted lines, Fig. 6 ). After 42 days of incubation, treatments L, R and LR grouped together (solid lines, Fig. 6 ) and were dissimilar at 60 % compared to the controls.
To study if the difference observed at T6 between the treatments R/LR and C/L was significant, the samples with added riverine DOM (R and LR, n = 4) and other treatments (C and L, n = 4) were, respectively grouped The taxonomic richness estimated by the Chao1 index was high at the beginning of the experiment (389), and decreased for all conditions at T6 (range: 257-336) before increasing at the end of the incubation (range: 341-367) ( Table 2) . At T6, the richness was significantly higher in the LR treatment compared to the other conditions (ANOVA, p \ 0.05). At T42, the different treatments did not show any significant differences in richness (ANOVA, p [ 0.05). The diversity, based on the inverse Simpson index, that includes both richness and evenness, decreased between T0 and T6 for all treatments. At T6, the L treatment showed a lower diversity compared to the control, while R and LR treatments showed a higher diversity (ANOVA, p \ 0.05). At T42, no differences in diversity were observed between the treatments (ANOVA, p [ 0.05).
The BCC was further investigated by comparing the relative abundance of the major phyla and proteobacterial subclasses (Fig. 7) . At T0 the bacterial community was dominated by Alphaproteobacteria (51 %) with a high proportion of clade SAR11 (30 %), followed by Gammaproteobacteria (29 %) and Bacteroidetes (14 %). As indicated by the clustering of samples (Fig. 6) , the major differences observed at T6 were found between clusters of (C -L) treatments and (R -LR) treatments. For the latter group, there were more Betaproteobacteria (30 %) and fewer Alphaproteobacteria (35 %) than in the C and the L treatments (15 % and 52 %, respectively). At T42 the main differences were observed between the enriched microcosms and the control microcosms. A high proportion of Actinobacteria (28 %) was detected in the control microcosms while this phylum accounted for less than 2 % of total sequences in the enriched microcosms. Conversely, a higher Betaproteobacteria abundance was observed in the enriched microcosms (L, R, LR) (30 %) compared to the control (10 %). We also observed a substantially higher proportion of Alphaproteobacteria in the enriched microcosms (31 %) compared to the control (21 %).
To explore the response of the bacterial community to the different treatments at T6, we first represented the 720 OTUs identified at this sampling time on a Venn diagram (Fig. S4) . The four treatments, including the control, shared 12.9 % of these OTUs. Only 1.9 % was shared by the three treatments with a DOM enrichment (i.e. L, R and LR). When the treatments were compared two-by-two, the treatments C and L shared the lowest number of OTUs (16.9 %) while the treatments R and LR shared the highest number of OTUs (23.0 %).
The OTUs that responded to riverine DOM addition and contributed most to the dissimilarities between the two conditions were identified using the similarity percentage analysis (SIMPER). The 33 OTUs explaining more than 80 % of dissimilarity between the two conditions and their taxonomic affiliation are represented in Table 3 . The dissimilarity induced by the addition of riverine DOM was of 40.6 % and the changes in BCC were explained mainly by two OTUs. The OTU SAR11 was less abundant in the treatments with riverine DOM (R, LR = 21.7 %) compared to the treatments without addition (C, L = 40.7 %), whereas OTU OM43 belonging to Methylophilaceae, was more abundant after riverine DOM addition (R, LR = 31.0 %) than without (C, L = 14.8 %).
Discussion
The first objective of this study was to assess the effects of different qualities of DOM on bacterial community activity (BCA) and bacterial community composition (BCC) using single or combined additions. The second objective was to explore the possibility of a priming effect on the degradation of riverine DOM in the presence of bioavailable compounds (i.e., free amino acids) that may be produced by phytoplankton. Uncoupling of bacterial community activity and composition changes after DOM additions
Numerous examples of coupling between community structure and heterotrophic activity, together with the related importance of nutrient availability have been reported in aquatic ecosystems (Cottrel and Kirchman 2000) . Here, we observed an unusual response of the bacterial community with a decoupling between the changes observed in BCA and BCC according to the composition of DOM. While the addition of labile DOM resulted in changes in BCA but not in BCC, the addition of riverine DOM resulted in changes in BCC but not in BCA. The combination of both DOM resulted in changes in BCA identical to those observed with the labile DOM alone and in BCC closely identical to those observed with the riverine DOM alone. The lability of the free amino acids was confirmed by the rapid decrease in DOC concentration after 6 days, the disappearance of the T peak in FDOM and the stimulation of the BCA (L treatment). The higher recalcitrance of riverine DOM was confirmed by the slow decrease in DOC concentration over the experiment, the maintenance of the humic peaks in FDOM and the absence of BCA stimulation (R treatment). Surprisingly, the bacterial growth efficiency (BGE) remained similar between the different conditions tested when higher BGE was expected after addition of labile DOM compared to allochthonous DOM (del Giorgio and Cole 1998). The lowering of BGE in all treatments in the second period of the experiment can be explained by the decrease of the bioavailability of DOM along the experiment. The combination of both DOM sources (LR condition) did not lead to higher BCA or BGE compared to single DOM addition. In contrast to our results, Fonte et al. (2013) and Attermeyer et al. (2014) observed a synergistic effect of mixed DOM sources after 4-12 days of incubation on BGE in freshwater and coastal lagoon, respectively.
One important point of our experimental design is the addition of DOM to an undiluted natural bacterial community. Riverine DOM was added after aging to ensure that most of the labile DOM was consumed. Riverine DOM was also lyophilized to reduce the change in salinity in microcosms that would be responsible for modifications in bacterial community activity (BCA) and/or bacterial community composition (BCC) (Sjöstedt et al. 2012) . A recent study showed that lyophilization had small effects on DOM composition as determined by Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) but these modifications had no effects on the BCA nor the BCC during the biodegradation compared to the addition of concentrated riverine DOM by tangential-flow ultrafiltration (Herlemann et al. 2014) . Most biodegradation experiments are based on regrowth experiments where the bacterial assemblage is diluted (e.g., 1:10) in 0.2-lm-filtered natural water. Generally, the dilution of the bacterial community induces a rapid bacterial growth during the first days of incubation and can affect the BCC (Fuchs et al. 2000) . A dominance of Gammaproteobacteria is rapidly observed under these conditions due to their high growth rate and their ability to exploit DOM when available (Fuchs et al. 2000; Sjöstedt et al. 2012; Herlemann et al. 2014) . The converse was observed in our study, since the relative proportion of Gammaproteobacteria tended to decrease during the experiment in the controls and none of the OTUs overwhelmed the others (Fig. 7) . By maintaining the natural concentrations of bacteria and grazers at the start of the experiment, we certainly limited the artifactual overgrowth of some opportunistic OTUs.
Interestingly, BCC was modified by the addition of riverine DOM but not by adding amino acids. One consequence of the addition of riverine DOM is the decreasing relative number of SAR11 sequences per sample at T6 (21.7 % in R and LR vs 40.7 % in C and L, Table 3 ). SAR11 clade is ubiquitously distributed throughout the ocean and typically account for 15-35 % of all bacterioplankton (Morris et al. 2002) . The high abundance of SAR11 in oligotrophic environments might in part be due to efficient genome streamlining conferring advantages to grow at low substrate concentrations (Giovannoni et al. 2005) . SAR11 is adapted to oxidize a variety of monomeric substrates, including amino acids, glucose, ATP, and onecarbon compounds (Sun et al. 2011) . The inability of SAR11 to use high molecular weight DOM present in riverine water can explain the decrease in R and LR conditions, even if this clade has been already reported in estuaries (Campbell and Kirchman 2013) .
The second major effect was the increase in the abundance of OTUs belonging to the Betaproteobacteria clade OM43 that is commonly found in productive coastal ocean ecosystems and freshwater environments (Rappe et al. 2000) . The OM43 clade is related to Type I methylotrophs of the family Methylophilaceae (Lidstrom 2001) . They are aerobic, obligate methylotrophs that cannot oxidize methane, but can use C1 compounds (methanol, methylamine, formate) as their sole source of carbon and energy (Anthony 1982; Giovannoni et al. 2008; Sowell et al. 2011) . The abundance of OM43 clade is usually low in the marine environment, rarely exceeding 2 % of cells (Morris et al. 2006 , Sowell et al. 2011 . In this study, we measured up to 31 % OTUs belonging to OM43 in the treatments R and LR at T6 whereas they represented only 14.8 % in the other treatments. The bloom of OM43 when riverine DOM was added can be explained by high concentrations of C1 compounds naturally present in the Rhone River or produced during the storage of the water sample before the lyophilization step (see ''Materials and methods''). This suggest that humic acids were not necessary the main component within riverine DOM which drove the BCC in this experiment. It was previously reported that Alphaproteobacteria is the main group stimulated when humic acids are specifically added to a marine bacterial community (Rocker et al. 2012) .
The combination of DOM sources led to a higher bacterial richness compared to the single addition at T6 hence confirming our hypothesis. However, Simpson index was similar between R and LR treatments. The use of batch cultures with single additions of DOM at the start of the experiment could present some limitations to observe a synergy in the BCC changes for the use of two DOM sources with contrasted turnover. Future experiments should consider the use of flow-through cultures to promote the development of a specific BCC when labile and refractory DOM are mixed.
No evidence of a priming effect
We tested the possibility of a priming effect (PE) by comparing the degradation of DOM and the bacterial activities between the different treatments. In case of a positive PE, DOM degradation and/or the bacterial activities measured in the treatment where both DOM sources are combined, are expected to be higher than those measured in the treatments where each DOM source was added separately. We never observed such a situation in our experiment (i.e., no significant differences were observed in DOC concentration between C and L treatments and between R and LR treatments at T6 and T42). Different hypotheses can be proposed to explain the absence of a positive PE in the experimental conditions used:
(1) A low concentration of nutrients is necessary to trigger a PE. We performed our experiments with the additions of PO 4 and NH 4 in order to avoid any limitation by nitrogen or phosphorus. The concentrations of phosphorus remained in excess during the experiment whereas ammonium was completely used (Fig. 2) . However, the net release of DON at T6 and NO 3 and NO 2 at T42 suggests that nitrogen was not limiting in the different treatments. In soils, the stimulation of DOM degradation by the simple addition of inorganic nutrients (especially mineral N) was sometimes considered as a PE (Kuzyakov et al. 2000) . In this study, we restricted the PE to the observation of any stimulation in DOM degradation after the addition of labile DOM aside from N and P limitations. However, by supplying bacteria with inorganic N and P nutrients, the PE may not be measurable. Indeed, when available forms of inorganic nutrients are limited, bacteria can invest in the production of extracellular enzymes to break down more recalcitrant DOM and liberate N and P, a strategy known as ''nutrient mining'' (Kuzyakov et al. 2010 ). However, recently Catalán et al. (2015) demonstrated the absence of a positive PE in lake water microcosms with or without nutrient additions (Table 1) , thus suggesting that nutrients are not necessarily a key factor for PE occurrence in aquatic systems. (2) A sustained addition of labile DOM is necessary to trigger PE. In our experiment, the single addition of labile DOM at the beginning of the experiment was rapidly consumed during the first 6 days (see above).
In the coastal environment, labile DOM is delivered during the entire phytoplankton bloom and can favor the adaptation of bacteria for the degradation of recalcitrant riverine DOM by fueling continuous energy. A PE has been previously observed after a single addition of labile DOM (e.g., glucose) in microcosms containing freshwater and soils (Guenet et al. 2014) . However, in this case the concentration of labile DOM added was several magnitudes higher than concentrations observed in aquatic ecosystems (10,000 lmol L -1 DOC versus 9 lmol L -1 in our study) leading to an unrealistic situation. (3) The presence of residual semi labile riverine DOM in our experiment could have interfered with the PE process by delaying the attack of more recalcitrant riverine DOM, therefore rendering inefficient the addition of labile DOM. However, Koch et al. (2014) observed that the addition of glucose (*170 lmol L -1 C) in two-year-old aged seawater did not promote the degradation of background DOC. (4) The addition of labile DOM as dissolved free amino acids (direct substrates) could be inadequate to trigger the PE. By adding bioavailable but more complex organic substrates requiring extracellular enzymes for degradation (e.g., proteins or polysaccharides), the simultaneous degradation of riverine DOM degradation may be stimulated. However, this hypothesis was not confirmed in a recent study where proteinaceous organic matter from jellyfish did not favor the degradation of recalcitrant DOM from a coastal lagoon during 22 days (Blanchet et al. 2015) . In addition, Catalán et al. (2015) did not observe a PE whatever the complexity of the labile DOM added. (5) The determination of the elemental composition of DOM (i.e., DOC, DON, DOP) and FDOM proxies may not be sufficiently sensitive to demonstrate the occurrence of a PE. These bulk parameters are exposed to both degradation and production processes. Different studies have demonstrated that bacteria can produce recalcitrant DOM (i.e. microbial carbon pump) (Jiao et al. 2010 ) and FDOM (Romera-Castillo et al. 2011 ). This re-working of DOM complicates the observation of a PE (Bengtsson et al. 2014) . 13 C or 15 N labeled organic molecules have been frequently used for PE studies in soils and aquatic systems to follow more precisely the degradation of recalcitrant or labile material (Bengtsson et al. 2014 , Guenet et al. 2014 . This approach offers a high sensitivity for tracking the degradation of specific substrates but requires the use of model molecules that do not reflect the complexity of natural DOM.
Conclusion
We did not observe in this study a relationship between changes in BCC and BCA after the addition of different DOM qualities. BCA was influenced by the addition of labile DOM (amino acids solution) while BCC was driven by the addition of more recalcitrant DOM (riverine DOM). Despite the clear stimulation of bacteria after the addition of amino acids, and the selection of bacterial species by the riverine DOM, the combination of both DOM sources did not induce a PE. To date, results from the literature concerning the PE in aquatic ecosystems are conflicting (Table 1) . PE studies must be pursued for a better understanding of this potential important process in marine environments by favoring biodegradation experiments using DOM labeling and continuous cultures. The description of BCC in PE experiments could help to understand which parameters trigger the PE in aquatic ecosystems by identifying the responsive species during this process.
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